Background: There is growing interest in detecting cerebro-cerebellar circuits, which requires adequate blood oxygenation level dependent contrast and signal-to-noise ratio (SNR) throughout the brain. Although 7T scanners offer increased SNR, coverage of commercial head coils is currently limited to the cerebrum. Purpose: To improve cerebellar functional MRI (fMRI) at 7T with high permittivity material (HPM) pads extending the sensitivity of a commercial coil. Study Type: Simulations were used to determine HPM pad configuration and assess radiofrequency (RF) safety. In vivo experiments were performed to evaluate RF field distributions and SNR and assess improvements of cerebellar fMRI. Subjects: Eight healthy volunteers enrolled in a prospective motor fMRI study with and without HPM. Field Strength/Sequence: Gradient echo (GRE) echo planar imaging for fMRI, turbo FLASH for flip angle mapping, GRE sequence for SNR maps, and T 1 -weighted MPRAGE were acquired with and without HPM pads at 7T. Assessment: Field maps, SNR maps, and anatomical images were evaluated for coverage. Simulation results were used to assess SAR levels of the experiment. Activation data from fMRI experiments were compared with and without HPM pads. Statistical Tests: fMRI data were analyzed using FEAT FSL for each subject followed by group level analysis using paired t-test of acquisitions with and without HPM. Results: Simulations showed 52% improvement in transmit efficiency in cerebellum with HPM and SAR levels well below recommended limits. Experiments showed 27% improvement in SNR in cerebellum and improvement in coverage on T 1 -weighted images. fMRI showed greater cerebellar activation in individual subjects with the HPM pad present (Z > 5 4), especially in inferior slices of cerebellum, with 59% average increase in number of activated voxels in the cerebellum. Group-level analysis showed improved functional activation (Z > 5 2.3) in cerebellar regions with HPM pads without loss of measured activation elsewhere. Data Conclusion: HPM pads can improve cerebellar fMRI at 7T with a commonly-used head coil without compromising RF safety. Level of Evidence: 2 Technical Efficacy: Stage 1
particular, an interest in studying the functional role of cerebro-cerebellar circuits, [4] [5] [6] [7] which require robust sensitivity to blood oxygenation level dependent (BOLD) contrast throughout the whole brain. It is well known that fMRI at 7T can provide much better sensitivity to fMRI activation compared with lower field strengths. 8, 9 This can be used to improve spatial resolution and reduce the number of trials 9, 10 required to detect cerebellar cortex and small sized deep cerebellar nuclei activation in various task based functions. [9] [10] [11] However, the variety of radiofrequency (RF) coils commercially available for imaging at 7T is still limited, due in part to the technical challenges associated with higher operating frequencies, such as inhomogeneity of the RF field used in excitation and asymmetric transmit and receive RF field patterns for surface coils. [12] [13] [14] The commercial coils used most often for brain imaging at 7T today are designed primarily for imaging the cerebrum with a steep gradient in signal often seen in the cerebellum and other inferior regions of the head. 15, 16 The most commonly used commercially available 7T head coil consists of a relatively short transmit birdcage coil surrounding a receive array (Nova Medical, Wilmington, MA). This coil is designed primarily for imaging the cerebrum with a limited field of view (FOV) relative to commercial head coils used at lower field strengths, where excitation is often accomplished with the system's large whole-body birdcage coil.
The use of high permittivity material (HPM) (relative permittivity e r > 50) pads in MRI has been proposed to improve SNR, increase transmit efficiency, and reduce excitation inhomogeneity. [17] [18] [19] [20] [21] These advantages are attributed to displacement currents within the dielectric pad that add to the local magnetic field according to the modified Ampere's law. 19 Recently, materials with a relative permittivity of greater than 100 have been constructed from calcium or barium titanate powders mixed with deuterium oxide for greater benefit in MRI applications. 22, 23 A variety of studies have been conducted using HPM in conjunction with a commercial head coil at 7T. 15, [22] [23] [24] [25] [26] [27] Haines et al demonstrated that positioning HPM pads on one or both sides of the head can improve signal homogeneity and SNR in the temporal lobes of the cerebrum. 22 Shortly thereafter, Snaar et al characterized improvements in MR spectroscopy with this arrangement 24 and Teeuwisse et al characterized this improvement in SNR along the sides of the head and brain with pads placed to the left and right sides of the head with more quantitative experimental measures 25 and simulations. 23 Teeuwisse et al also showed that positioning water pads along the left and right side of the head extending down to the neck during an arterial spin labeling sequence increased the strength of the excitation field (B 1 1 ) in the carotid artery, and improved the SNR in brain perfusion maps at 7T. 15 Although this arrangement of an HPM pad on either side of the head also showed improved excitation, SNR, and coverage in the anterior portion of the cerebellum, seen on a coronal plane through the midbrain, it resulted in a strong RF field gradient across the cerebellum in the anterior-posterior direction. This RF field gradient resulted in both lower excitation and lower SNR in the posterior cerebellum when the HPM pads were present.
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A different arrangement with HPM pads against the inferior, posterior portion of the head showed improvement in inversion efficiency and coverage of the whole brain using MP2RAGE scans in combination with low B 1 1 adiabatic pulses. 26 This study presented improvement in image quality in the cerebellar region with no quantitative measures of SNR. The aim of this work is to improve cerebellar fMRI using a commercial head coil at 7T. To accomplish this, we arrange HPM pads against the inferior, posterior portion of the head. We first investigate the technical potential of using HPM to improve SNR throughout the cerebellum without increase in hazard due to RF heating (specific energy absorption rate, or SAR) in simulations, then examine the effects on available SNR as well as measured fMRI activation throughout the brain (including the cerebellum) during a finger-tapping task in eight subjects.
Materials and Methods

Simulations
We performed numerical simulations to determine the appropriate material properties of the HPM pads, evaluate the changes in the electromagnetic field within the head model with HPM pads, examine changes in the scattering (S) parameters of the transmit coil, and assess the simulated local and global SAR values. HPM pads were modeled with properties that are achievable using mixtures of powder and water slurries made with barium titanate (BaTiO 3 , e r 5 298, r 5 0.39 S/m) or calcium titanate (CaTiO 3 , e r 5 110 and r 5 0.08 S/m). 22, 23 To closely match experiments, the electrical properties of the mixtures for the simulations were determined by experimentally measuring the properties of saturated mixtures of titanate powders with deuterium oxide using a dielectric probe as described in the following section. A head-sized quadrature-driven birdcage coil, similar to the transmit head coil used in the experiments (Fig. 1) , was modeled using CST Microwave Studio 2015 (Computer Simulation Technology, Darmstadt, Germany), and loaded with a human model ("Duke," Virtual Population, IT'IS Foundation, Zurich, Switzerland) 28 with a voxel resolution of 5 3 5 3 5 mm 3 . Each port was tuned to 297.2 MHz, the operating frequency of our 7T MR scanner, and matched to 50 Ohms in the absence of HPM. Note that the receive coils were not modeled in the simulation. Two HPM pads (12 3 14 3 2 cm 3 ) were modeled from sections of spherical and cylindrical shells and positioned at the base of the skull such that they extended 7 cm from the coil as shown in Figure 1 1 is the transmit field and P is the input power) was evaluated for three cases: No HPM, BaTiO 3 pads, and CaTiO 3 pads (Fig. 2) .
To compare the SAR values to the safety limits prescribed by the Food and Drug Administration (FDA) 29 and the International Electrotechnical Commission (IEC), 30 the SAR values obtained in the CST simulation environment were scaled 31 to correspond to the gradient-echo (GRE) echo planar imaging (EPI) sequence used in experiments as follows. We considered a target jB 1 1 j of 3 lT, which corresponds to a 908 flip angle (FA) with a rectangular pulse having a duration of approximately 2 ms. To normalize fields and SAR to this target jB 1 1 j strength, first the target jB 1 1 j was divided by the average simulated jB 1 1 j in the center or in the cerebellum for cases with and without HPM. This ratio was squared (because SAR is proportional to the square of electric field and magnetic field strengths) and the resulting scaling factor was multiplied by the peak local 10g SAR obtained from simulations with constant input power. This instantaneous SAR, now corresponding to that during a rectangular pulse producing an FA of 908 and having a duration of 2 ms, was then scaled to include a repetition time (TR) of 3000 ms, a pulse duration of 2 ms and 55 slices. 31 To calculate the simulated head average SAR, the power dissipated in the tissue was scaled by the same scaling factor as above and divided by 5 kg, which is approximately the mass of the head.
Experiments
The electrical properties of the HPM pads used in simulations were determined by mixing either CaTiO 3 powder (Alfa Aesar, 99 1 %, 2325 mesh powder) or BaTiO 3 powder (Sigma Aldrich, 99%, powder, < 3 lm) with deuterium oxide (Sigma Aldrich, 99 atom % D) to obtain a saturated slurry. The electrical properties of the saturated slurries were measured (85070E Dielectric Probe Kit, Agilent Technologies, Santa Clara, CA) to be e r 5 110 and r 5 0.08 S/m for CaTiO 3 slurry and e r 5 298, r 5 0.39 S/m for BaTiO 3 slurry. Because simulation results showed that calcium titanate was more advantageous than barium titanate, we constructed HPM pads using the CaTiO 3 slurry. The HPM slurry was then heatsealed between plastic sheets to create two pads with approximate dimensions 12 3 14 3 2 cm 3 .
All studies involving human subjects were performed in accordance with the institution's institutional review board. Informed research consent was obtained for all subjects. Volunteers were imaged on a whole-body 7T system (Magnetom, Siemens Healthineers, Erlangen, Germany) using a commercial head coil with one transmit channel and 24 receive channels (Nova Medical, Wilmington, MA). Either the HPM pads or conventional foam pads were placed inside the coil (Fig. 1) , such that approximately 7 cm of the longest dimension extended outside the coil. For each volunteer, the transmit reference voltage was set with no HPM inside the coil such that a 908 FA was achieved at the center of the brain, corresponding to the coil center. FA maps were obtained with a turbo-FLASH based technique. 32 The transmit voltage was then kept constant for the volunteer's session with HPM.
To assess the coil performance with and without HPM pads, SNR maps were acquired for one volunteer. SNR maps were generated using the raw data from two gradient echo acquisitions (TR/echo time [TE] 5 200/4.1 ms, nominal FA 5 208, bandwidth5 300 Hz/ pixel, FOV 5 285 3 285 mm 2 , matrix size5 256 3 256), one with and the other without RF excitation. 33 Flip angle maps obtained during the same session were normalized to account for the nominal FA used in the gradient echo (GRE) sequence for calculating SNR maps.
To evaluate receive-signal contribution to SNR, the SNR maps were then divided by the sine of the corresponding normalized FA map.
fMRI Experiments
To assess the BOLD contrast improvement with HPM in the cerebellum, where the SNR and jB 1 1 j distribution is inherently poor for the particular coil used, BOLD contrast weighted scans were acquired for eight healthy volunteers (four male, four female; mean age 5 31.4, standard deviation 5 6.57).
fMRI experiments with and without HPM pads were completed using a GRE EPI sequence (101 measurements, axial slices 5 55, voxel size 5 2 3 2 3 2.5 mm 3 were obtained for registration with the functional data. For the functional paradigm, volunteers were asked to carry out a finger tapping task using the right hand. Before the scans, volunteers were briefly trained outside of the scanner. A simple block design was used with six active and six rest blocks with each block (24 s each) consisting of eight measurements (3 s each) for a total of 101 measurements.
Statistical Analysis
Data were analyzed using FEAT (fMRI Expert Analysis Tool, version 6.0), which is a part of FSL (FMRIB's software Library, www. fmrib.ox.ac.uk/fsl, version 5.0.10). Nonbrain removal for the T 1 -weighted images for all cases was carried out with brain extraction tool (BET). Preprocessing of the BOLD data included discarding the first five measurements to ensure achieving steady-state excitation, high pass filtering (with a cutoff of 48 s), motion correction using MCFLIRT, spatial smoothing using a Gaussian kernel of FWHM 5 mm and interleaved slice timing correction. Registration was first carried out to the respective T 1 -weighted image and then to the MNI standard space image, using FLIRT. Z (Gaussianised T/F) statistic images were thresholded with Z > 5 2.3 and a corrected cluster significance threshold of P 5 0.05. The total number of voxels with a threshold of Z 5 6 and maximum Z value within the cerebellum for cases with and without HPM for each subject were calculated using the cluster function in FSL.
To assess whether the BOLD contrast improved with HPM over the entire population from which the volunteers were sampled, a higher level analysis was carried out at group level using a paired t-test of the two acquisitions: with and without HPM for the same eight subjects. Higher level statistical modeling was carried out using mixed effects with FLAME 1 (FMRIB's Local Analysis of mixed effects) in FEAT with a Z threshold 5 2.3.
Results
In the presence of HPM, simulated S 11 for all four ports of the transmit coil remained below 220 dB, except for S 33 (216.93 dB) and S 44 (218.14 dB) with CaTiO 3 , and S 44 (219 dB) with BaTiO 3 . S 21 values did not change by more than 2 dB. As an increase of 3 dB from 220 dB, for S 11 , translates into an insignificant increase in reflected power to 2% from 1% of transmitted power, re-matching and re-tuning the birdcage component of the head coil would not substantially improve transmit efficiency. Additionally, a maximum change in S 21 by 2 dB translates to a negligible change in the degree of circular polarization of the transmit coil. RF data from the scanner for one volunteer showed that the forward and reflected power did not change significantly with the addition of the HPM (% power reflected of forward power without HPM 5 1.6% and with HPM 5 1.2% for an EPI sequence).
The simulated transmit efficiency improved in both the superficial and the deep regions of the posterior head and neck when calcium titanate was used for the HPM pads (Fig. 2b) . For the case with barium titanate (Fig. 2c) , transmit efficiency was degraded in deeper regions of the head and neck, as compared to the case without HPM (Fig.  2a) . In the absence of HPM pads the resultant FA in the cerebellum would be approximately half that in the central region (Fig. 2a) . For example, a pulse producing a 908 excitation in the cerebellum would produce a 1718 excitation in the central region when no pad is present. Therefore, all experiments were performed using HPM pads made with CaTiO 3 slurries (Fig. 1b) . Transmit efficiency increased by 52% on average in the cerebellum (outlined in Fig. 2 ) and decreased by 7.3% in the coil center (outlined in Fig. 2) with CaTiO 3 pads.
Maximum 10g local and head average SAR values from the simulation were scaled to correspond to the EPI sequence used either for a target 908 in the coil center or in the cerebellum (Table 1 ). All resulting SAR values were well below the corresponding limits (10 W/kg for maximum local SAR and 3.2 W/kg for head average SAR) recommended by the FDA and IEC. 29, 30 The presence of HPM pads reduced the resultant SAR values by more than 50% for a target excitation of 908 in the cerebellum. Experimental SNR maps showed an overall distribution change in the presence of the HPM pads (Fig. 3) . The HPM pads improved the SNR by 27% in the cerebellum (outlined in white). SNR maps normalized by the excitation FA maps resulted in a 7.2% reduction in the receive-only SNR in the cerebellum, suggesting that the improvement in the SNR is primarily due to the increase in the FA (by 38.6%) with HPM.
The spatial distribution of the FA maps in the experiments showed a similar trend to simulations, with improved performance toward the base of the skull (including cerebellum) when the CaTiO 3 pad is present (Fig. 4 versus Fig. 2) . The FA averaged across all subjects showed a mean improvement of 33% in the cerebellum and a decrease of 3.4% at the center, while the average FA in the whole brain remained approximately the same (see regions of interest [ROIs] in Fig. 4) .
The T 1 -weighted MPRAGE images in Figure 5 show improved visibility of the cerebellum, the cervical vertebrae, the spinal cord, the brainstem, and the superficial neck muscles in the presence of the calcium titanate pads. Functional MR images show contralateral motor cortical activation and activation of the superior and inferior axial slices of the ipsilateral cerebellar cortex. In the presence of HPM pads, a statistically significant improvement in the functional activation was observed for the inferior axial slices of the cerebellum (Fig. 6 ).
The total number of activated voxels within the cerebellum was higher with HPM in all but one subject, with an increase in all subjects ranging from 27 to 153% (Table  2) . Maximum Z value also increased for all but one subject ( Table 2 ). Group analysis results show a statistically significant increase in activation in the cerebellar cortex with the FIGURE 4: Experimental FA maps show an improvement with HPM pads in the inferior regions of the brain, and match the trend of the simulated transmit efficiency maps (Fig. 2) . Mean FA across all subjects (with/without HPM: ROI 1: 67.70 6 4.55/ 67.86 6 7.23, ROI 2: 86.37 6 5.99/89.45 6 3.64, ROI 3: 68 6 10.52/51.06 6 8.65, where variability is measured using the standard deviation) show an improvement in the cerebellum by 33%. Fig. 7) , which corresponds to the position of the calcium titanate pads near the neck of the subjects (Fig. 1) , and with no considerable loss elsewhere in the brain.
HPM (
Discussion
This work demonstrated, in both simulation and experiment, that the sensitivity of a standard commercial 7T head coil can be improved in the cerebellum and regions inferior to the base of the skull using HPM pads extending out of the coil. This gain in SNR was used for improving functional imaging of the whole brain including the cerebellum, where the commercial coil on its own suffered from poor transmit and receive sensitivity.
Maximum local SAR and global SAR decreased with HPM when producing a constant jB 1 1 j in the cerebellum, but increased when producing a constant jB 1 1 j in the coil center. As shown in previous work, 34 our results also indicate that in the presence of HPM pads a lower SAR can be obtained when calibrating for a specific transmit FA in a specific ROI, provided that transmit efficiency gains with HPM are achieved in that ROI. In our experiments, we chose to keep the input power constant between the cases with and without HPM to minimize variables in evaluating the functional activation throughout the whole brain. As the mean experimental FA and simulated transmit efficiency in the center of the head did not change considerably with HPM, SAR values scaled for target jB Although the scaled maximum 10g local and head average SAR values for an EPI sequence like we used in experiment increased with addition of the HPM when maintaining a target jB 1 1 j at the coil center, they were both well below limits recommended by the FDA and IEC. 29, 30 Due to the low SAR of the fMRI sequence in general, SAR would also be below the recommended limits even if no HPM were used and the pulses were defined to produce optimal excitation in the cerebellum. In this case, the presence of HPM pads would reduce SAR values, demonstrating an inherent benefit of using HPM pads when optimizing excitation in ROIs in close proximity to the pads. Note that neither the IEC nor the FDA suggests limits on maximum local SAR for volume coils, but we evaluated maximum 10g SAR because the effect of HPM is more localized in nature. Because a standard EPI sequence is inherently low in SAR, similar analysis should be performed before use of more SAR-intensive sequences. The precise pulse duration and pulse shape of the experimental sequence were not available from the scanner, but 2 ms rectangular pulses were used as reasonable estimates.
Our results are consistent with other studies that demonstrated an SNR advantage with strategic use of HPMs. 19, 24, [34] [35] [36] In addition to a higher SNR in the cerebellum when using HPM pads, we also observed higher SNR in the neck muscles. SNR and FA map results were consistent with the T 1 -weighted MPRAGE images, which showed improved visibility of the neck muscle, brainstem and spinal cord, vertebral bodies, and cerebellum. These images also showed ample signal and contrast in the areas with a decrease in SNR, including the frontal and central regions of the brain. The experimental SNR maps normalized by the sine of the FA also demonstrated that the improvement in SNR achieved was primarily due to the transmitted FA and not the received-signal for the particular head coil used. Improvement in measured functional activation with HPM pads indicates that the gain in transmitted FA achieved using HPM pads translates directly to improved measurement of BOLD contrast. Table 2 , in particular, shows that not only did the cerebellar activation (maximum Z value) improve using HPM pads, but the total number of activated voxels also increased. The functional activation pattern was in agreement with previous studies that showed a functional topography specifically in the ipsilateral anterior (lobules V, and VI) and posterior (VIII) lobules of the cerebellum. 4, 11 We anticipate that other tasks based on language, which have been shown to map onto intermediate lobule VI and Crus I, 4 or cognitive tasks shown to map to Crus II and lobule VII, 5 would also show larger cerebellar activation with HPM pads. The SNR increase with HPM could also provide advantages in studies of the functional role of small structured nuclei in the cerebellum, such as the dentate nucleus to improve the low thresholds for quantifying functional activation and resolution for structural imaging.
11,37
Our work focused on using HPM in conjunction with a commercial head coil to improve the FOV for wholebrain fMRI at 7T by improving the transmit efficiency in the cerebellum. The particular positioning of the HPM pads not only extended the FOV of the coil, but also facilitated displacement currents near the base of the skull and cerebellum, both inherently further from the coil. Although our study demonstrated an improvement in coil sensitivity for a specific commercial head coil (1 transmit/24 channel receive, Nova Medical), recent investigations have shown that a newer version (1 transmit/32 channel, Nova Medical) also suffered from poor coil sensitivity for inferior regions of the head with demonstrated improvements in whole brain diffusion when HPM pads were placed near the temporal lobes and neck. 16 There are some limitations to this work. The thickness of the HPM pads used in this work was 2 cm, which occupied a substantial amount of space inside the head coil. This spacing was maintained in the case without HPM by using cushions that were approximately of the same height. Relative permittivities considered in this work were limited to 110 and 300, which are known to be achievable with either barium titanate or calcium titanate powder and heavy water. In principle a combination of the two powders could be used to achieve intermediate values, and could be explored in future work. Thinner HPM pads with different properties and dimensions 23, 35 may also improve performance while providing more space inside the head coil. The dimensions of the HPM pads, additionally, changed in shape during in vivo experiments, because of the subject's head resting on the pads. Alternative methods of building HPM pads, such as using hydroxyl-ethyl cellulose gel 27 or sintered ceramic based HPM 38, 39 to improve mechanical stability over time may benefit future studies. Additionally, in this study we performed simulations with only one head model, which was not based on any of the subjects in experiment. However, even considering an additional safety factor of two to account for variability in head anatomies 40 the recommended limits for SAR would not be exceeded in the fMRI sequence we used. Furthermore, if available, a different head coil with better initial transmit efficiency in the cerebellum might not benefit from use of HPM for improved detection of fMRI in the manner used here. Finally, order of conditions (with or without HPM pads) were not randomized between subjects, because the input transmit voltage for each subject was set for the case without HPM pads (carried out first). Because the group analysis showed an improvement in functional activation in regions near the HPM pad and not in superior regions of the brain, we expect that randomizing the conditions would not result in a significant difference.
In conclusion, our work demonstrates a relatively inexpensive method to improve cerebellar fMRI signal at 7T using HPM pads to extend the coil sensitivity outside of an existing commercial head coil. Safety assessments carried out in simulations showed that local and global SAR did not exceed current regulatory limits. For this particular arrangement, the simulation and experimental results showed an improvement in transmit efficiency and SNR, particularly in the cerebellum and regions inferior to the base of the skull, which was used for improving detection of functional BOLD activation in the cerebellum for a motor task. Individual as well as group analyses demonstrated a statistically significant increase in the functional activation in the cerebellum, which was proximal to the position of the HPM pads. This method could increase the utility of existing commercial head coils at 7T for whole brain fMRI and other applications. cai2r.net), an NIBIB Biomedical Technology Resource Center.
